setting the strength of the depressed, steady state response.
measured up to a proportionality constant by simply recording the synaptic currents evoked by hypertonic challenge.
Our experiments use isolated hippocampal neurons grown in tissue culture on small "islands" (Segal and Furshpan, 1990; Bekkers and Stevens, 1991) . When only a single neuron occupies an island, it forms many synapses with itself (called "autapses"), so that action potentials evoked in the neuron cell body activate all of the cell's synapses. By restricting our studies to autapses, then, we can be sure that our nerve stimulation is directed to the entire population of synapses used to estimate pool refilling rates by application of hypertonic solution.
Action Potentials Increase the Rate of Refilling
The basic phenomenon we study and our main observation are illustrated in Figure 1 , where we display the average time course with which the readily releasable pool is refilled and document the increase in the refilling rate after the induction of action potentials. The time course of refilling was measured in five cells, both directly after the refilling rate had been increased by electrical activation of the synapses and also when the refilling proceeded at its baseline rate. For each experiment, autapses were challenged with hypertonic solution three times in succession. The initial challenge served to empty the readily releasable pool. The second challenge tials came after 3 s of exposure to a hypertonic solution that had mostly emptied the pool, almost no release refilling in the time between a pair of challenges spaced was evoked by the action potentials (see Rosenmund at an invariant interval that is suitable for detecting the and Stevens, 1996) . The speed-up of refilling by action effect we were studying (2 s). The basic experimental potentials that cause almost no exocytosis indicates design for most experiments, then, and our main obserthat something other than release per se is responsible vation are illustrated again in Figure 2 . The top trace for the increased refilling rate. We return to this issue
indicates the times at which hypertonic solution was in later sections.
superfused over a neuron's dendrites, and the records Experiments of the type illustrated in Figure 1 describe below show the whole-cell currents that resulted from the refilling of the readily releasable pool most comthe application. The large inward current that decreases pletely but have the disadvantage of requiring that indito a low level during the application of the hypertonic vidual cells be subjected to many hyperosmotic chalsolution is proportional to the rate of exocytosis (Stelenges over a relatively prolonged period, a procedure vens and Tsujimoto, 1995) , and the total charge transfer that causes mechanical stresses. For most of the experiduring this application (corrected for refilling of the pool) ments described in the following paragraphs, we therefore used the shortcut of estimating the extent of pool is proportional to the size of the readily releasable pool Pairs of hyperosmotic challenges were applied to a patch-clamped cell, as illustrated at the top of the figure. The first application emptied the pool; the second provided an estimate of the amount of refilling in 2 s. The response to the second application was greater if action potentials were evoked during (A) or prior to (B) the first application (upper traces), compared with when action potentials were not evoked (lower traces; controls were recorded 3 min after the experimental traces). Notice in (B) that the 50 action potentials substantially depleted the pool, and hence the response to the first hypertonic challenge was smaller in the experimental condition than it was in the control. The current directly after the electrical stimulation is an artifact of the autapse preparation and is mostly not quantal release. These particular data were selected because the cell exhibited a larger amount of action potential-induced acceleration of refilling than most. (Rosenmund and Stevens, 1996) . When hypertonic solution is applied again 2 s after the termination of the first application ( Figure 2A , or just before it, Figure 2B ), one finds that only a slight refilling has occurred. If, however, presynaptic action potentials are evoked during or before the first application of hypertonic solution, the increased size of the second response reveals that the pool has refilled to a greater extent in the 2 s interpulse In Figure 3A , we provide an example of this experimental the first and second application of each pair. The pairs of applications were repeated at 1 or 3 min intervals (see Figure 3A) . The normalized content of the readily charge transfer; see Experimental Procedures) and is plotted as a function of time during the experiment. Just releasable pool was estimated from the integral of the synaptic current over each 4 s application (the total as with action potential-evoked synaptic currents, one notices a slow decline in response size (i.e., in pool size) over the period of observation, a phenomenon termed "rundown." In the illustrated experiment, the rate of decline is slightly less than 1.2% per minute. When corrected for this rundown, the coefficient of variation for repeated measurements of pool size is 0.05 in this case. These values are typical of all of the experiments reported here. In 25 cells for which the size of the readily releasable pool was estimated over time, the amount of rundown ranged from 0%-4% (average ϭ 1.6%, with a standard deviation of 1.2%) per minute, and the coefficient of variation for successive estimates of pool size ranged from 0.003-0.14 (average ϭ 0.07, with a standard deviation of 0.04).
Cell-to-Cell Heterogeneity in the Baseline Refilling Rate of the Readily Releasable Pool
Since the complete time course for refilling of the readily releasable pool is well approximated by a single exponential (see Stevens and Tsujimoto, 1995 , and Figure  1 ), we estimated a refilling time constant from data of the sort illustrated in Figure 3B . For 32 different neurons, we find that the baseline time constant of refilling (i.e., without nerve impulse activity) varied across cells from ‫3ف‬ s to as long as 16 s ( Figure 3C ), with a mean value of 5.7 s and a coefficient of variation of 0.51.
Synaptic Activation Does Not Change the Quantal Size
We have estimated pool refilling from the total charge because isolated neurons typically have many autapses and a total releasable pool that contains many hundreds of quanta. In most preparations, then, many vesicles of the experiments (presynaptic action potentials) with undergo exocytosis nearly simultaneously in response the ones measured during the control phase (no presynto hypertonic challenges, and thus individual events are aptic action potentials) shows that the electrical stimulaobscured.
tion does not affect the mEPSC size ( Figure 4A ), but it To make sure that the apparent increased refilling does substantially increase the mEPSC rate ( Figure 4B ) rate found after electrical stimulation is not caused by during the second hypertonic challenge of each pair. a confounding increase in the quantal size during the Experimental manipulations were interleaved, and the hypertonic challenge, cells with a small number of auexperimental condition always followed the control contapses were sought in which the individual mEPSCs dition by at least 60 s. This protocol ensured that any could be identified throughout the application of hypermeasured increase in the quantal rate during the experitonic solution. For all experiments, the readily releasable mental condition could not be the inadvertent result of pool was emptied twice by a pair of hypertonic solution the small amount of rundown in the quantal content of applications with a 2 s interapplication recovery period.
the readily releasable pool that sometimes occurs over A train of action potentials lasting 2 s (10 Hz) was intime (see Figure 3) . We conclude, then, that electrical cluded or omitted at the beginning of the first osmotic stimulation does not affect the size of the quanta within challenge, and the quantal rate and size were measured the readily releasable pool but instead increases the during the second osmotic challenge of each pair. A rate at which the pool fills after being depleted. Throughout this study, we took advantage of this fact by using comparison of the quanta released during the test phase pared with the amount that occurred in the 2 s interval between the third and fourth osmotic challenges. If ignored, the small amount of rundown that typically occurs the current integral of the hypertonic solution-evoked in the 3 min interval between the first and second pairs response (the charge transfer corrected for refilling) to of hypertonic challenges would have caused a slight calculate refilling of the readily releasable pool at various overestimate of the actual effect. The basic measure times after electrical stimulation (see Experimental Prowas therefore corrected by the estimated rundown (6% cedures).
in this case) that was calculated as the ratio of the estimated readily releasable pool contents during the first application, compared with its size during the third Refilling Rate Reaches a Maximum during the First osmotic challenge for the conditions when there had Several Seconds of High Frequency Stimulation been no action potentials fired immediately before the What duration of stimulation is required to produce a first challenge. As illustrated in Figure 5 , the rate of maximum acceleration of refilling? To answer this quesrefilling of the readily releasable pool increases monotion, we examined the modulation of the refilling rate tonically with the length of the preceding electrical stimproduced by high frequency action potential trains of ulation until it achieves its maximum value after stimulavarious durations. The refilling rate was estimated, as tions made up of as few as 15 action potentials. before, by paired applications of hypertonic solution (each application lasted 4 s). The first pair was presented immediately after the electrical stimulation, and the sec-10 Hz Stimulation Is Sufficient to Produce a Maximum Refilling Rate ond pair was applied 3 min later, after the refilling rate had returned to its baseline value. The first application Stimulation with frequencies above 10 Hz does not induce much of a further increase in the rate of refilling of each pair emptied the pool, and the second application then provided an estimate for the amount that the ( Figure 6 ). In experiments similar to the ones described above, the effects of saturating numbers of action poreadily releasable pool refilled in the 2 s interpulse interval. The modulation of the refilling rate was quantified tentials on the refilling rate induced at 10 Hz and 50 Hz were compared. For these experiments, the action as the ratio of the amount of refilling that occurred in potentials were induced during the final 3 s of the first hypertonic solution application. Even though the autapses received five times the stimulation at 50 Hz as they did at 10 Hz, the 10 Hz stimulation was sufficient to modulate the refilling rate nearly as much as the 50 Hz stimulation.
When cells were bathed in a solution with reduced calcium concentration, however, more intense stimulation was required to saturate the refilling rate (Figure 6) . Identical experiments were conducted on a separate set of cells that were bathed in a low calcium-containing solution (.25 mM Ca 2ϩ , 2 mM Mg 2ϩ ). Under these conditions, the refilling rate did not achieve its maximum during 10 Hz stimulation but did so when the action potentials were induced at 20 Hz (for 10 s). This result implies that some action of calcium ions plays a role in causing the activity-induced increase in the refilling rate of the readily releasable pool.
Chelation of Intracellular Calcium Blocks the Activity-Induced Acceleration of the Refilling Rate of the Readily Releasable Pool
We sought to test the hypothesis that the intracellular accumulation of free calcium ions that occurs during high frequency stimulation is necessary for the observed acceleration in the refilling of the readily releasable pool. Experiments similar to the ones described above were performed on isolated cells several times before and after the cells were bathed in either 100 M EGTA-AM (solubilized in DMSO) or merely DMSO (1:1000, 5 min). EGTA-AM treatment did not alter the baseline refilling rate or the size of the readily releasable pool, but it did block the acceleration that was originally induced when 20 or 30 action potentials were fired either at the beginning or at the end of the first hypertonic challenge ( Figure  7 ). Exposure to DMSO alone did not alter release, refill- to reducing the resulting intracellular calcium concentrainduced during the first hypertonic application did not significantly tion (Adler et al., 1991; Cummings et al., 1996) , but this affect the observed increase in the refilling rate, and so the data were pooled (average Ϯ SEM; six cells, at least 15 trials for EGTAdampening effect on the release process itself cannot AM comparisons, three cells, at least five trials for DMSO-alone account for the blocking action of EGTA described here. less, we devised a direct test of the possibility that EGTA prevents the increased refilling rate by simply diminishing the amount of action potential-mediated neurotransconcentration of residual calcium. In same-cell controls, after EGTA-AM exposure, the 20 action potentials delivmitter release. We induced action potentials (2 s at 10 Hz) either at the beginning of the first hypertonic presenered at the start of the first hypertonic application triggered the release of at least five times more transmitter tation or after the readily releasable pool had mostly emptied-during the last 2 s of the osmotic challengethan the electrical stimulation at the end of the first hypertonic application, before EGTA-AM treatment (Figbefore and after exposing the preparation to EGTA-AM. In this way, we could independently vary the amount ure 7). Exposure to EGTA-AM, however, completely blocked the increase in the pool refilling rate induced of action potential-coupled transmitter release and the by the action potentials under both conditions; the refillthe removal of free calcium from the presynaptic terminal. This process can take up to 20 s in some preparaing rate was accelerated to the same extent by both types of electrical stimulation before the application of tions after the type of stimulation protocols used here (i.e., a 7 s time constant of decay [Zucker, 1989 ; Delaney EGTA-AM, and this increase was blocked by the treatment with calcium chelator (p Ͻ 0.05 for all comparisons and Tank, 1994; Wu and Saggau, 1994; Tank et al., 1995;  C. F. S and J. F. W., unpublished data]). As in the experibefore and after exposure to EGTA-AM, two-sample t test for independent samples with unequal variances; ments described above, changes in the refilling rate were monitored by measuring the proportion of the three cells, at least five trials for each condition). The action potential-triggered release had no discernible readily releasable pool that refilled in the 2 s directly after being depleted and subsequent to electrical activaeffect upon the induced acceleration of the refilling rate of the readily releasable pool or upon the ability of EGTA tion of the synapses. Action potentials were induced at 10 Hz in autapses for one 1 s, and two pairs of hypertonic to block the effect. Since this type of treatment with EGTA-AM blocks the slowly decaying intracellular accuchallenges were applied at various times later. The experimentally controlled variable in these experiments mulation of free calcium (Regehr et al., 1994; Alturi and Regehr, 1996; Cummings et al., 1996) , these results imwas the time between the end of the electrical stimulation and the beginning of the second osmotic challenge ply that it is the low level of residual calcium remaining in a terminal after electrical activation that signals the of the first pair. This challenge provided an estimate for the amount of refilling that occurred in 2 s at various increase of the refilling rate of the readily releasable pool.
times after electrical activation and was compared to the estimate of the amount that the pool refilled in 2 s when the refilling rate was at its baseline value (3 min Refilling Rate Relaxes Back to Baseline after electrical stimulation). In these experiments, hyperwith a Time Constant of ‫01ف‬ s tonic solution was applied to the synapses a fifth time, How long does the refilling remain accelerated? The 3 min after the end of the second pair of applications, relaxation time would be important for any functional so that rundown could be calculated by comparing the significance the modulation of the refilling might have.
pool size estimated with this manipulation to the size Furthermore, if the intracellular calcium concentration during the first challenge of the second pair. As illusregulates the refilling rate, we would expect this rate to take at least as long to return to baseline as it takes for trated in Figure 8 , the increased refilling rate relaxes relaxes to a baseline value approximately exponentially, with a time constant of 10 s. For simplicity, we have described the readily releasable pool recovery from depletion with a single exponential time course (Geppert et al., 1994; Rosenmund and Stevens, 1996; Stevens and Tsujimoto, 1995) . Here, we show that that time course is shortened by electrical activation of the synapses. We do not claim, however, that the underlying biological process is necessarily a single one of the first order because other, more complicated models could easily be developed that would fit the data at least as well (Stevens and Tsujimoto, 1995) .
What Is the Mechanism?
Since the increased refilling rate measured here is lessened or blocked when the residual intracellular free calcium transient is reduced or chelated, and since the calcium chelator that buffers calcium much more slowly than the diffusion-limited binding of calcium to the effector responsible for activating the final step in exoback to baseline, with a time course well approximated cytosis (Lliná s et al., 1981; Zucker and Fogelson, 1986 ; by a single exponential with a 10 s time constantϪa Adler et al., 1991; Regehr et al., 1994; Alturi and Regehr, time course that is at least as long as the decay of 1996; Cummings et al., 1996; reviewed by Neher, 1998) , free calcium in the presynaptic terminal (Zucker, 1989;  and so the mechanism involved in this phenomenon Delaney and Tank, 1994; Wu and Saggau, 1994 ; Tank must have a separate molecular trigger. We have shown et al., 1995; C. F. S. and J. F. W., unpublished data) .
that the trigger cannot be driven by the release process This time course of decay is consistent with the hypotheitself, because EGTA blocks the rate acceleration in a sis that the clearance of free calcium from the terminal fashion that is independent of the quantity of exocytosis. is rate limiting for the relaxation of the refilling rate.
Taken together, these results indicate that the slowly decaying component of residual calcium in the terminal Heterogeneity in the Amount of Modulation is sufficient to drive the increased refilling of the readily For individual cells, the amount of increase in the readily releasable pool. The molecular identity of the effector releasable pool refilling rate is variable and not highly in question is unknown, but free calcium concentration correlated with the baseline refilling rate (Figure 9 ). The transients are known to activate several classes of enrefilling rates of some cells were not much increased zymes and participate in a variety of signaling cascades even by saturating stimulation protocols, whereas the Kamiya and Zucker, 1994) . refilling rates of others accelerated more than 5-fold with Whatever the mechanism, it may be related to the one nerve stimulation. We never encountered an isolated cell responsible for the calcium-dependent mobilization of with a readily releasable pool that refilled more slowly vesicles in chromaffin cells studied by Neher and Zucker after synaptic activation by nerve impulses, however.
(1993) and von Rü den and , who report that the addition of granules to the release-ready pool is Discussion speeded by increased intracellular calcium. Although this earlier observation appears similar to the one we Our results show that the refilling rate of the readily have described here, a detailed comparison of the two releasable pool is heterogeneous from cell to cell and effects is precluded by uncertainties about the correcan be modulated by physiologically relevant activity.
spondence between the pools in chromaffin cells and Action potentials cause the readily releasable pool to synapses. recover more quickly from depletion than it would were the rate unregulated, an effect that may be similar to the one described by Kusano and Landau (1975) at the Refilling Rate Limits Release during High Frequency Stimulation squid giant synapse. This speed-up of refilling depends upon the accumulation of calcium that remains in the The refilling rate of the readily releasable pool limits the amount of transmitter exocytosis during long high terminal for a fraction of a minute after high frequency electrical activation of the synapses. During continued frequency stimulations. Rosenmund and Stevens (1996) showed that synaptic strength is a function of the fullhigh frequency stimulation, the refilling rate reaches its maximum within the first second or two of stimulation.
ness of the readily releasable pool and that high frequency trains of action potentials eventually empty it. Under the conditions tested here, the rate of refilling high glucose (20 mM) media containing 10% horse serum for [8] [9] [10] [11] [12] [13] [14] This depletion presumably occurs because the average We show here that although the refilling rate is moducontaining (in mM) 140 K Gluconate, 9 NaCl, 0.2 CaCl2, 1 MgCl2, 10 lated by action potentials, it becomes stationary after HEPES, 1 EGTA, 2 MgATP, and 0.2 Li-GTP. Amphotericin (0.1 mg/ the first several seconds of a high frequency stimulation; ml, B-solubilized, Sigma) was added to permeabilize the patch memfurther increases in the rate of stimulation do not result brane to ions. All salines were adjusted to have a pH of ‫2.7ف‬ and in a corresponding higher level of acceleration. Therehad an osmolarity between 295 and 305 mOsm/Kg. Uncontrolled action potentials were evoked presynaptically by transiently depofore, at times during a high frequency stimulation when larizing the cell bodies as described earlier (Bekkers and Stevens, the readily releasable pool is already empty, the average 1991). Stimulation rates reported in the text are accurate to within rate of exocytosis should be equally insensitive to the were inversely proportional in size to the rate of stimulasteady-state trickle (interpreted as the amount of refilling and subsetion; i.e., assuming the quantal size was stationary durquent exocytosis that proceeds with time; see Stevens and Tsuji- ing their experiments, the total rate of exocytosis was moto, 1995) . We estimated the readily releasable pool from the charge transfer during the transient. Specifically, the total charge constant and independent of the frequency of stimutransfer over the period of hypertonic solution application was calculation. lated, and the charge transfer (over the same period), owing to a release rate equal to the steady-state value, was subtracted to give an estimate of the pool size. This method results in a slight underesti-
Long-Term Modulation
mate of pool size, because it overestimates the refilling at the start We have shown that the refilling rate of the readily releasof the hypertonic challenge (if the pool is full and there are no able pool can be modulated in a transient fashion by vacancies to refill), but the estimates are always proportional to synaptic activity, but that the amount of this modulation pool size.
was quite variable from cell to cell. In a few cells, the rate did not change at all after electrical stimulation,
